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COMPARATIVE THERMAL FATIGUE RESISTANCES OF
TWENTY-SIX NICKEL- AND COBALT-BASE ALLOYS
by Peter T. Bizon and David A. Spera

Lewis Research Center

SUMMARY

This experimental program used the fluidized bed heating and cooling technique
to compare the measured thermal fatigue resistances of 26 nickel- and cobalt-base
alloys. These included nineteen cast and two wrought nickel-base alloys, and five
cast cobalt-base alloys. Five of the nickel-base alloys had directionally solidified
polycrystalline grain structures. Three diffusion coatings and one vapor-deposited
overlay coating were also included in this investigation.

The same specimen geometry (double-wedge) and test conditions were used to
evaluate all materials. Groups of specimens were thermally cycled between fluid-
ized beds operating at 1088° and 316° C (1990° and 600° F), with a 3-minute immer-
sion time in each bed. Some materials were also tested with both bed temperatures
raised 42° C (750 F). These tests were performed at the Illinois Institute of Tech-
nology Research Institute under contract to NASA Lewis Research Center. The num-
ber of cycles required to initiate a crack in the edge of a specimen was the measure
of its thermal fatigue resistance. In addition, oxidation and some mechanical and
physical property data were compared at selected temperatures.

Thermal fatigue resistances under the same test conditions ranged from less than
25 to 12 500 cycles for the 35 combinations of alloys and coatings studied. Alloys
with a directionally solidified polycrystalline grain structure had the longest thermal
fatigue lives. In all cases, coatings improved the thermal fatigue resistance of the
substrate alloy.

The alloy-coating combination with the highest resistance to thermal fatigue was
directionally solidified NASA TAZ-8A with a RT-XP coating. Its thermal fatigue life
was almost twice that of the next best alloy-coating combination. In addition, dir-
ectionally solidified TAZ-8A + RT-XP coat had excellent oxidation resistance, show-
ing almost no weight change after 15 000 cycles (750 hr of heating time).



INTRODUCTION

Thermal fatigue is a potential mode of failure in any component that is exposed to
fluctuating temperatures. Thermal fatigue can be defined simply as the cracking of
a material by cyclic temperature changes which induce cyclic stresses. Thermal
fatigue resistance is one of the major criteria which should be considered when se-
lecting an alloy for a fluctuating temperature application. As an example, thermal
fatigue cracking is currently the predominant failure mode for aircraft gas turbine
blades.

Thermal fatigue resistance is not a basic material property such as tensile
strength, density, and so forth, but a structural response. It is dependent upon a
complex combination of many factors including component geometry, temperature
cycle, heat-transfer rates, oxidation resistance, and physical and mechanical prop-
erties of the material (such as modulus of elasticity, coefficient of thermal expansion,
strength, ductility, etc.). Hence, the number of temperature cycles required to
cause thermal fatigue cracking depends not only on the alloy but also on the specimen
geometry and test conditions. In this investigation, the term "thermal fatigue re-
sistance" is used in a comparative, rather than absolute, sense. Alloys are com-
pared to one another, all having been tested under the same test conditions using
the same specimen geometry.

The primary objective of this investigation was to determine the comparative
thermal fatigue resistance of a large number of nickel- and cobalt-base alloys. A
secondary objective was to determine the effects of directional solidification and
several coatings on both the thermal fatigue and oxidation resistance of some of
these alloys. The alloys selected include those used or proposed for use in the hot-
test sections of advanced aircraft gas turbines.

Nineteen cast nickel-base alloys, five cast cobalt-base alloys, and two wrought
nickel-base alloys were included in this study. Five of the nickel-base alloys had
a directionally solidified polycrystalline grain structure. Three diffusion coatings
and one vapor-deposited overlay coating were also included in this investigation.
This provided a total of 35 combinations of composition, grain structure, and sur-
face protection. Specimens were in the form of prismatic bars with double-wedge
cross sections.

The thermal fatigue tests were carried out in a fluidized bed facility that was de-
signed, built, and operated by the Illinois Institute of Technology Research Institute
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(ITRI) under contract to NASA Lewis Research Center. Fluidized beds were first
used for rapidly heating and cooling thermal fatigue specimens by E. Glenny and
his coworkers at the National Gas Turbine Establishment in England in 1958 (ref. 1).
Since that time, fluidized bed cycling has become widely used for evaluating the
thermal fatigue behavior of both alloys and components (refs. 2 to 7).

Test conditions for the thermal fatigue evaluation were selected to represent ad-
vanced gas turbine engines and were, therefore, more severe than present use con-
ditions for these alloys. All materials were evaluated using bed temperatures of
1088° and 316° C (1990° and 600° F). The effect of raising both bed temperatures
42° ¢ (15° F) was also evaluated for some of the materials. Immersion time in each
bed was always 3 minutes. In addition to thermal fatigue resistance, some mechan-
ical and physical properties of the alloys were also compared at selected tempera-
tures. The conventional mechanical property tests for the materials included in this
investigation were conducted at the Lewis Research Center.

This investigation is part of a program of studies of failure mechanisms and life
prediction of turbine components being performed by the Lewis Research Center.
An overview of this program is given in reference 8 together with a bibliography of
NASA Lewis publications on fatigue, oxidation and coatings, and turbine engine al-
loys. References 9 to 14 are earlier reports which contain initial data relative to the
thermal fatigue tests described herein.

This work was conducted in the U. S. customary system of units except for the
weight measurements. Conversion to International System of Units (SI) was made

for reporting purposes only.

MATERIALS AND TEST SPECIMENS
Alloys

The 35 combinations of composition, grain structure, and surface protection which
were studied in this program are listed in table I. Table II lists the compositions of
the alloys (chemical analyses of heats used for test specimens) along with the vari-
ous heat treatments applied to them. Selected physical properties (from handbooks)
and mechanical properties (measured) are given in tables III and IV, respectively.

A new alloy included in this investigation is directionally solidified NASA
TAZ-8A. In an earlier investigation (ref. 11) the random polycrystalline form of this
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alloy was found to have the highest resistance to thermal fatigue among 14 uncoated
alloys. This indicated that directional solidification and/or coating of TAZ~8A might
produce a material with even better thermal fatigue resistance. Specimens with di-
rectional polycrystalline structure were then cast both at the Lewis Research Center

and commercially for evaluation in this investigation.

Surface Protection

Brief descriptions of the four protective coatings used in this study are as
follows:

(1) Jocoat -- a commercial silicon-modified nickel aluminide coating (Pratt and
Whitney Aircraft proprietary process specified as PWA 47)

(2) RT-1A -- a commercial chromium-aluminum duplex coating (Chromalloy
American Corporation Research and Technology Division proprietary process
similar to specification PWA 32 but with a lower process temperature)

(3) RT-XP -- a coating containing an aluminide with a case depth of about 70 pm
(2.7 mils) (Chromalloy American Corporation Research and Technology Di-
vision proprietary process)

(4) NiCrAlY -- a commercial Ni-15.2Cr-12A1-0.33Y electron-beam vapor-
deposited overlay coating about 135 pym (5.3 mils) thick (Pratt and Whitney
Aircraft proprietary process specified as PWA 267)

Test Specimens and Holding Fixtures

In this study two types of specimen configurations (fig. 1) were used -- wedge-
shaped prismatic bars and round cross-sectional tensile bars. Figure 1(a) shows
the wedge designs used for the thermal fatigue and oxidation tests. Although three
designs of the double~wedge shape were used for the thermal fatigue tests, they
differed only in the provision made for fastening them in the holding fixture. No con-
sistent differences have been observed in the results of tests using the end grooves
(design A) or holes (designs B and C) for fastening. Figure 2 shows groups of
specimens in their respective holding fixtures. The outer two specimens were al-
ways dummy test specimens. The holding fixture using holes (fig. 2(b)) is pre-
ferred for tests at higher temperatures because of the lower mass of the fixture and



because the supporting rods are not exposed to as great an extent to the high tem-
peratures.

Transient temperatures in some of the alloys were measured using instrumented
specimens. These specimens were fitted with five embedded thermocouples at the
midspan located as shown in figure 3. The ISA type K (Chromel-Alumel) thermo-
couples were magnesium oxide insulated and Inconel 600 sheathed with an outside
sheath diameter of 0.5 mm (0.02 in.). The thermocouples were mounted in grooves
milled in the surface of the specimen. The grooves were 0.56 mm (0.022 in.) wide
and 0.5 mm (0.02 in.) deep. The thermocouples were secured in place by using an
air-setting two-part Allen P-1 ceramic cement cured at 316° C (600° F).

Other oxidation or weight change tests were conducted with single-wedge spec-
imens of design D shown in figure 1(a). This design has been used for some time
to evaluate alloys in high-velocity burner rigs at the Lewis Research Center (ref. 15).
This single-wedge design is recommended for future thermal fatigue studies. This
is because the double-wedge does not always give additional data as was originally
hoped. Actually, cracking on one edge of a specimen may delay crack initiation of
the other edge.

Figure 1(b) presents typical designs for specimens used to measure conventional
tensile and stress—-rupture properties. Designs E and F are similar except that de-
sign F has flat grips so that it can be fabricated from 0.635 cm (0.25 in.) plate.
Design F was used only for the TD NiCr tests. This was the thickest plate available
in this alloy. The only essential difference between design G and designs E and F
is the longer gage length of the design G specimens.

All cast specimens were cast-to-size. For the random polycrystalline specimens,
inoculated molds were used to produce fine grain structures. Typical surface grain
size at the test sections was about 1.6 mm (0.06 in.) diameter. The directionally
solidified polycrystalline specimens were made using a controlled solidification pro-
cess similar to that detailed in reference 16. Only directionally solidified specimens
with no grain boundaries intercepting the leading edge were tested. Specimens of
the two wrought alloys (U 700 and TD NiCr) were machined with the specimen axis
parallel to the rolling or extrusion direction. All specimens were given radio-

graphic, fluorescent penetrant, and visual inspections before testing.



FLUIDIZED BED FACILITY AND TEST PROCEDURE
Fluidized Bed Facility

Figure 4 is a drawing showing a cutaway view of the fluidized bed test facility
(ref. 17) used. Both heating and cooling beds consist of retorts filled with 300- to
540-pm-(0.012- to 0.021-in.-) diameter alumina particles through which air is
pumped. Adjustment of the airflow allows the particles to develop a churning, cir-
culating action -- hence, the name "fluidized". The large number of particles in the
beds and their "fluid" action promote uniform, high heat transfer rates. A group of
specimens in the holding fixture was cycled between the beds by means of an auto-
matically controlled transfer mechanism operated by pneumatic cylinders.

The heating bed is 23 cm (9 in.) in diameter, contains 1100 N (250 1b) of alumina,
and has a power input of 55 kW. Its airflow rate is 17 m3/hr (600 cu ft/hr). The
cooling bed is 36 cm (14 in.) in diameter, and contains 1500 N (340 1b) of alumina.
It uses 12 kW of power and has an airflow of 60 m3/hr (2100 cu ft/hr).

Thermal Fatigue Test Procedure

Comparative thermal fatigue resistance was determined experimentally by simul-
taneously testing different materials of the same geometry and comparing the number
of cycles required to initiate the first crack. A group of up to 18 double-wedge
shaped specimens was alternately heated for 3 minutes and then cooled for 3 min-
utes. All materials were tested with the heating bed temperature held at 1088° C
(19900 F) and the cooling bed temperature at 3160 C (6000 F). The effect on some
of the materials of raising both bed temperatures 42° C (750 F) was also evaluated.

Prior to testing and periodically thereafter, both edges of each specimen were
visually examined using a microscope with a magnification of 30 times. Only the
surfaces within +3.8 cm (+1.5 in.) of midlength were examined for cracks. Inspec-
tions were made according to a schedule such as 25, 50, 100, 200, 300, 500, 700,
1000, and so forth cycles, with the inspection intervals lengthening as the number
of cycles applied increased. Inspection intervals for any series never exceeded
1000 cycles including the series which was tested the longest (15 000 cycles). The

number of cycles to crack initiation was taken as the average of the number of cycles



at the last inspection without cracks and the number of cycles at the first inspection

with a crack.

RESULTS AND DISCUSSION
Transient Temperatures

A typical transient temperature distribution for one heating and cooling fluidized
bed cycle is given in figure 3. While these results are for directionally solidified
TAZ-8A alloy at bed temperatures of 1088° and 316° C (1990° and 600° F), they are
also typical of the transient temperature distribution for other alloys tested at these
bed temperatures. Figure 3 shows that the maximum temperature difference within
the specimens occurred about 0.1 to 0.2 minute after the start of heating and was
approximately 310° C (5600 F). During the cooling cycle, the maximum temperature
difference occurred between 0.2 and 0.3 minute after the start of cooling and was
approximately 230° C (415° F). This indicates that the average heat transfer coef-
ficient during heating is higher than during cooling. This is consistent with mea-
sured values given in reference 1. This figure also shows that the specimens did not
quite reach the bed temperature after 3 minutes immersion. The maximum metal tem-
perature was about 14° C (25o F) less than the heating bed temperature and the min-
imum metal temperature was about 33° C (600 F) higher than the cooling bed temper-
ature. Since the test conditions in this study were selected to represent those to be
encountered in advanced gas turbine engine blades, the maximum metal temperature
exceeded the use temperature for which many of the materials were designed. How-
ever, to obtain comparative thermal fatigue resistances for all materials, a uniform

thermal cycle was necessary.

Thermal Fatigue

The numbers of cycles required to initiate cracks in the 35 combinations of alloys
and coatings are listed in table V and plotted in figure 5. All results except where
noted are for the 0.635-cm (0.25-in.) radius edge only. For the same specimen ge-
ometry and test conditions, the lives varied from less than 25 cycles to 12 500 cycles.
Reproducibility of test data was generally good.

The class of materials having the longest thermal fatigue lives was found to be
cast alloys with directionally solidified polycrystalline grain structures. The alloy-
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coating combination with the highest thermal fatigue resistance was directionally
solidified NASA TAZ-8A with an RT-XP coating. Its thermal fatigue life was almost
double that of the next best alloy-coating combination, directionally solidified
Mar-M 200 with the overlay coating NiCrAlY. The application of a coating in all
cases improved the thermal fatigue resistance of the substrate alloy.

Of all the random polycrystalline alloys tested, hafnium-modified B 1900 with
Jocoat had the highest thermal fatigue resistance (1480 cycles). However, of the
nineteen uncoated random polycrystalline alloys tested, NASA TAZ-8A again had the
highest thermal fatigue resistance (700 cycles).

Some of the materials were also tested when both the maximum and minimum tem-
peratures of the fluidized beds were raised by 42°c (15°F). A comparison of the
thermal fatigue resistances for materials tested at both bed temperature conditions is
presented in figure 6. These results are also plotted in the order of decreasing
thermal fatigue life of the 1088° and 316° C (1990 © and 600° F) tests. Superim-
posing the results of the 1130° and 357° C (2065 © and 675° F) tests on this figure
reveals that raising the bed temperatures resulted in only minor changes in compar-
ative thermal fatigue resistance.

An interesting observation was made regarding the two alloys NASA TAZ-8A and
M 22. Reference to table II shows the similarity of the compositions (considering the
refractory elements as a group) of these two alloys. It is observed from figure 5,
however, that their thermal fatigue resistances differ widely. Further study of these
two alloys might identify the elements or phases which greatly affect thermal fatigue
resistance in nickel-base alloys and lead to a better understanding of the thermal
fatigue process.

Photographs of specimens representing each of the 35 combinations of alloys and
coatings after completion of cycling tests are shown in figure 7. Caution must be
exercised in comparing these photographs because of the wide range of cycles (470
to 14 000) at which they were taken. It is interesting to note the type of cracks in
the two materials having the highest thermal fatigue resistance. Both directionally
solidified NASA TAZ-8A with the RT-XP coating (fig. 7(a)) and directionally solid-
ified Mar-M 200 with the NiCrAlY overlay (fig. 7(c)) have very tight cracks after
14,000 and 10,000 cycles respectively. In the uncoated condition the directionally
solidified NASA TAZ-8A (also fig. 7(a)) still has relatively tight cracks after 6250
cycles while the cracks in directionally solidified Mar-M 200 (also fig. 7(c)) have



opened up markedly after only 4000 cycles.

In some materials, longitudinal cracks originated at the holding grooves or holes
in the specimens. For example, as can be seen in figure 7(g), TD NiCr exhibited
very large longitudinal cracks which started at the holding grooves. Thus, it is
apparent that stress concentrations in nominally low-stress regions may cause un-
expected cracks, particularly in anisotropic materials.

The superior resistance to thermal fatigue of directionally solidified polycrystal-
line alloys may be attributed to two factors: lower modulus of elasticity and an ab-
sence of transverse grain boundaries. First, as can be noted from table III, where
data are available the modulus of elasticity along the growth direction is lower than
that of the same alloy in the random polycrystalline form. The modulus varies from
about two-thirds at room temperature to about one-half at 1093° C (20000 F). Also,
as can be seen in table III, thermal expansion and conductivity of the alloys are in-
dependent of the structure, being dependent only on the composition. Therefore, in
tests using the same geometry and identical test conditions, a specimen of a direction-
ally solidified polycrystalline alloy is subjected to significantly lower cyclic stresses
than one of the same alloy in a random polycrystalline structure although both have
equal cyclic strains.

A second characteristic of directionally solidified alloys which aids their thermal
fatigue resistance is the grain structure itself. The directional casting process pro-
duced long columnar grains so that there were no grain boundaries intercepting the
leading edge. This removed locations which might serve as crack nuclei. The
beneficial effect of the elimination of transverse grain boundaries can be seen by
noting crack propagation in directional dlloys. If a crack did initiate, the directional
grains would tend to be barriers to propagation. This can be seen in both figures 8
and 9. Figure 8 shows photographs of the directionally solidified alloys before test-
ing, at an intermediate stage of testing (in some cases), and after testing at bed tem-
peratures of 1130° and 357° C (20650 and 675° F). Figure 8(e) shows a macrophoto-
graph of directionally solidified Mar-M 200 before and after testing for 2400 cycles.
Note how the crack had turned to grow along the longitudinal grain direction. The
blunting of a crack by the directional grains can also be seen by referring to fig-
ure 9 (ref. 9). In this case the photomicrographs of directionally solidified NASA
WAZ-20 alloy show that the surface crack was sufficiently blunted by the grain

boundary to retard crack growth.



Oxidation

The materials exhibited a wide variation in oxidation resistance. This may be
seen from figures 7 and 8 which show photographs of some alloys before and after
testing . In general, a coating or vapor-deposited overlay on a alloy gave a greatly
reduced weight loss. Without surface protection, the directionally solidified alloys
oxidized much faster than the same compositions in the random polycrystalline form.

Weight changes in the NASA TAZ-8A specimens during 1088° and 316° C (1990°
and 600° F) tests are shown in figure 10. Both directionally solidified polycrystalline
and random polycrystalline grain structures were tested (1) uncoated, (2) with the
RT-XP coat, and (3) with a NiCrAlY overlay coating. Specimen configurations were
of design D of figure 1(a). Each specimen was weighed initially and at subsequent
inspection periods during testing using an analytical balance measuring to within
1 mg. Figure 10 immediately shows the higher weight loss of the uncoated direction-
ally solidified alloy over that of the uncoated random polycrystalline alloy. Speci-
mens of both structures which had the overlay applied had about the same weight
loss. This was considerably less than the uncoated directionally solidified form.
Specimens of both structures of NASA TAZ-8A with the RT-XP coating exhibited al-
most no weight change even after 15 000 cycles of testing. Therefore, directionally
solidified NASA TAZ-8A with the RT-XP coating which has already been noted to
have excellent thermal fatigue resistance, also is seen to have excellent oxidation
resistance.

Figure 11 shows a comparison of the weight changes for directionally solidified
TAZ-8A and Mar-M 200, the alloy with the next highest thermal fatigue resistance.
All data are for double-wedge specimens (designs B and C of figure 1(a)) tested
with bed temperatures of 1088° and 316° C (1990° and 600° F). Results are pre-
sented for both alloys without a coating and with the NiCrAlY overlay coating. In
addition, data for TAZ-8A with the RT-XP coat are also presented. In figure 11, the
comparison of both alloys in the uncoated condition shows the much higher weight
loss of Mar-M 200 over that of TAZ-8A. The effect of applying coatings to both alloys

is to greatly improve oxidation resistance.

SUMMARY OF RESULTS

The comparative thermal fatigue resistances of 26 nickel- and cobalt-base alloys

10




were determined using the fluidized-bed technique. A total of 35 combinations of
alloys and surface coatings were studied. All materials were evaluated by thermally
cycling double-wedge specimens between two fluidized bed furnaces maintained at
1088° and 316° C (1990° and 600° F). Some materials were also exposed to bed
temperatures of 1130° and 357° C (2065° and 675° F) . Immersion times were 3 min-
utes in both the high and low temperature beds. Thermal fatigue resistance was
based on the number of cycles required to initiate a crack. The major results ob-

tained are as follows:

1. Thermal fatigue lives under identical test conditions ranged from less than
25 to 12 500 cycles among the 35 combinations of alloys and coatings.

2. The class of alloys having the longest thermal fatigue lives were cast alloys
with directionally solidified polycrystalline grain structures.

3. The alloy-coating combination with the highest thermal fatigue resistance was
directionally solidified NASA TAZ-8A with an RT-XP coating (coating containing an
aluminide of Chromalloy American Corporation). Its thermal fatigue life was almost
twice that of the next best alloy-coating combination. Its oxidation resistance was
also excellent, showing almost no weight change after 15 000 cycles. Of the nineteen
uncoated random polycrystalline alloys tested, NASA TAZ-8A had the highest thermal
fatigue resistance.

4. The four coatings investigated always increased the thermal fatigue resistance
of the substrate alloy. -

5. Uncoated directionally solidified materials generally oxidized more rapidly
than the same alloy in the random polycrystallineform. Application of diffusion
coatings or a vapor-deposited overlay coating on the directionally solidified alloys

greatly reduced weight loss.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, May 16, 1975,
505-01.
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TABLE I, - ALLOYS AND CONDITIONS
[Coated and uncoated specimens purchased from vendors except
where noted. DS indicates that the alloy was cast with a direc-

tionally solidified grain structure]

NASA TAZ-8A DS + RT-XP coat

NASA TAZ-8A DS + NiCrAlY overlay
2NASA TAZ-8A DS

NASA TAZ-8A

NX 188 DS + RT-1A coat
NX 188 DS

NX 188 + RT-1A coat
NX 188

Mar-M 200 DS + NiCrAlY overlay
Mar-M 200 DS

Mar-M 200 + Jocoat

Mar-M 200

b
b
b
b

IN 100 DS + Jocoat
IN 100 DS

IN 100 + Jocoat

IN 100

2NASA WAZ-20 DS + Jocoat
ANASA WAZ-20 + Jocoat

e -

B 1900 + Hf + Jocoat
B 1900 + Jocoat
B 1900

U 700 cast
U 700 wrought

X 40

IN 162

TD NiCr

IN 713C

Mar-M 509

NASA VI-A
CRené 80

IN 738
9RBH

Mar-M 302

wI 52

M 22

aSpecimens cast at NASA Lewis Research Center,
bSpecimens with and without coatings supplied by Pratt & Whitney

Aircraft Corp.

cSpecimens supplied by General Electric Corp.

Specimens supplied by Cabot Corp.
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TABLE II. - COMPOSITION AND HEAT TREATMENT

EJS indicates that the alloy was cast with a directionally solidified grain structure]
Alloy Heat Analyzed composition, wt. % Heat treatment K
number .
C Mn Si Cr Ni Co Mo w Al Ti Zr B Other
NASA TAZ-8A DS T-24 0.10 ----ec —-e-ee 5.8 Bal ----- 5.41 3.90 ©6.40 ---- 0.52' 39 ppm 7.93Ta, 2. 44Cb As cast
Mar-M 200 DS KD 2012 0.15 <0.02 0.080 9.20 Bal 10,25 ------ 12.55 5.05 2.13 0.048 0.017 0.36Fe,0,96Cb,<0,01V 816°C (1500°F) for 50 hr
NX 188 DS EXF 1655 0,033 ------ =—-=coc cocom ammen oooee 18,08 ------ 8,13  =--- mmmem memmee s As cast
IN 100 DS KJ 2206 0.17 <0.02 ‘ 011 10.30 Bal 15.10 2,96 ------ 5.45 4.76 0.21Fe,0.97V 1149°C (ZIOOOF) for 2 hr; 921°¢ (1700°F) for 16 hr
NASA WAZ-20 DS 0.17 ~------ I Bal ----- ------ 20.9 6.28 ---- 1.2 --mmes meeemcmeeeeieees As cast
B 1900 + HI 0.09° 0,003 | 0.06 8.13' Bal 10.19 5.90 0.04 596 0.98 4.3Ta, 0.06Fe, 1. 64Hf 1080°C (1975°F) for 4 hr; 899°C (1650°F) for 10 hr
NASA TAZ-8A 67-640 0,01 ------ =o---- 6.20 Bal ----- 3.86 3.8 5.96 ---- 8.01Ta, 2, 44Cb As cast
X 40 12C6412 0.48 <0.05 0.33 25,59 10.52 Bal 0.04 T.87 === ~--- 0.46Fe, 0.02N 760°C (1400(J F) for 50 hr
B 1900 54V6335 0.10 0.10 <0.10 8,11 Bal 10.15 6.11 <0.10 6.09 0.98 4,28Ta, 0, 16Fe, 4, 28V 843°C (1550°F) for 24 hr
IN 162 96317 0.10 0.01 0.04 10.03 Bal 0.03 4.05 2,03 6.3 0,93 1.97Ta, 0, 17Fe, 0. 88Cb  As cast
TD NiCr 1862 0.038 -----n  memee- 21,30 Bal ----- s-mmee mmooee mmmm mmee 2.5ThO,, 0, 0005N, 0, 0065 As cast
2858 0.020 -----n ~---a- 19.72  Bal  ----- mmmemn —mmmee ——— e 1.9ThOy, 0. 004N, 0, 0075 ' As cast
IN713C 65611 0.11 <0.10 I <0.10 !'13.40 Bal ----- 4.50 ------ 5.95 0.83 2.24Cb+Ta, 0. 27Fe As cast
Mar-M 509 T-3008 0.62 <0.1 <0.1 23.4 10,0 Bal ------ 6,95 ---- 0,19 3.46Ta, <0. 1Fe As cast
NX 188 EXF 1655 0.033 ------ -=eooc moomm omemn oo 18.03 ------ LI e el e As cast
NASA VI-A FB 5487 0.11 0.02 , <0.10 5.86 Bal 7.24  2.11 5.96 5.27 0.95 0.10 0.021 9.03Ta, 0. 32Re, 0, 39HI, 899°C (1650°F) for 32 hr
0.45Cb, 0. 08Fe
NASA WAZ-20  --------- 01T - mmmmen el Bal ----- ------ 20.9 6.28 ---- 1.2 —-meon mmmmmcmemmmceeee e As cast
. René 80 101V9494 | 0.18) 0.01 ; <0.10 | 14.0 Bal | 9.91 4.00; 3.84 | .11, 490 0,03, 0.014 0.18Fe,<lppm Ag 1219°C (2225°F) for 2 hr; 1093°C (20020}‘) for 4 hr;
! l ‘ i ’ [ ; ! 1052°C (1925°F) for 4 hr; 843°C (1550°F) for 16 hr
IN 738 94V9529 0.17 0.01 0.1t 15,98 Bal 8.37 ' 1,81 2.49 3.52 3.39 0.11 : 0,012 1,95Ta,0.14Fe, 0. 87Cb 12’ (2050°F) for 2 hr; 843°C (1550°F) for 24 hr ‘
RBH 70-670-4 0,64 0.43 ! 0.39 20.91 ZIS. 00 - Bal |------ 5.46 0.33 0.24 0,16 ------ 3,20Ta,0.73Fe, 0.05La |As cast
. Mar-M 302 T-272 0.88 <0.10 + 0,22 21.9 ; 0.49 Bal <0.1 9.89 ----  ---- 0.24 <0.01 8.80Ta,1.11Fe 1232°C (2250°F) for 8 hr; 816°C (1500°F) for 24 hr
U 700 cast 1 85V2416 0.08 <0.10 [<0.10 14,24 ; Bal .14.87 | 4.18 ~----- 4.25 3.26 <0.01 0.012 |0.30Fe 760°C (1400°F) for 16 hr
WI 52 59-682 0.46 0.21 0.28 20.86 5 0,23 Bal 1<0.05 11,06 ---- | --o-  --e-- R 1,75Fe, 1, 87Cb As cast
IN 100 KJ2206 |, 0,17 1<0.02 0.11 ,10.30 | Bal 15,10 | 2,96 | --~--- 5.45 | 4,76 | 0.084 | 0.016 [0.21Fe,0.97V 1149°¢ (2100°F) for 2 hr; 92700 (1700°F) for 16 hr
Mar-M 200 KD 2012 0.15 [<0.02 | 0.080 9.20 | Bal [10.25 |------ 12,55 |5.05 | 2.13 | 0.048 | 0.017 |0.36Fe, 0.96Cb, <0,.01V 816°¢ (1500°F) for 50 hr
U 700 wrought 6541 0.113 | 0.01 0,02 [14.85 | Bal |[17.50 | 5.10 | ------ 4.55 | 3.45 |<0.02 | 0.013 |0.85Fe (1121°C (2050°F) for 4 hr; 843°C (ISEOOF) for 24 hr;
760°C (1400°F) for 16 hr
[m 22 67-635 (3717 IS — 6.35 | Bal |----- 1,96 1197 |6.24 |--== | 0.65 |---on- 2, 87Ta As cast
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TABLE III. - PHYSICAL PROPERTIES

E)S indicates that the alloy was cast with a directionally solidified grain structureJ

Alloy Specific
gravity
at
room
temperature

NASA TAZ-8A DS ----
Mar-M 200 DS 8.55
NX 188 DS 8.22
IN 100 DS ——--
NASA WAZ-20 DS 9.10
B 1900 + Hf 8.28
NASA TAZ-8A 8. 65
X 40 8. 60
B-1900 8.22
IN 162 8.08
TD NiCr 8.36
INT713C 7.91
Mar-M 509 8. 86
NX 188 -———
NASA VI-A 8.75
NASA WAZ-20 8.94
René 80 8.17
IN 738 8.11
RBH 8.75
Mar-M 302 9.21
U 700 cast 7.91
WI52 8. 87
IN 100 7.75
Mar-M 200 8.41
U 700 wrought 7.91
M 22 8.63

aAlong growth direction,

Dynamicimodulus
of elasticity at
room temperature

N/m? psi
2146x10°| 221 2x10°
2134 819.5
214 31.0
226 32. 8
214 31.0
197 28.5
131 19.0
206 29.9
225 32.6
210 30.5
206 29.9
199 28.9
210 30. 4
250 36. 2
223 32.4
225 32.6
215 31,2
205 29.8
223 32.4
197 28.6

Mean coefficient of Thermal
thermal expansion conductivity at
from room temperature 93° ¢ (200o F)
to 93° C (200° F)
m/m in, /in, \ Btu-in,
°c °F | (m)®) |2 CF)
------------------ 9.7 67
11.5x1078 |6.4x1078 | 14.4 100
11.2 6.2 18.7 130
13.0 7.2 11.5 80
11.7 6.5 10.1 70
------------------ 9.7 67
12.1 6.7 13.5 94
11,7 6.5 10.2 71
12.2 6.8 - —e-
14.2 7.9 14.3 99
10.6 5.9 21.0 146
12.1 6.7 13.0 90
1.2 6.2 18.7 130
11.2 6.2 -—-- ——-
12.2 6.8 10.7 74
11.7 6.5 10.4 72
12.2 6.8 12.5 87
12.2 6.8 19.2 133
13.3 7.4 19.7 137
13.3 7.4 25.1 174
13.0 7.2 11.5 80
11.5 6.4 14.4 100
13.3 7.4 19.7 137
12.4 6.9 — -
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TABLE IV. - TENSILE AND STRESS-RUPTURE PROPERTIES

EJata from same heat as usedfor thermal fatigue tests except where noted. Test data are for fine grain structure where typical grain sizes were about 1, 6 mm (0. 63 in,) diameter,

DS indicates that the alloy was cast with a directionally solidified grain structure:]

Alloy Specimen Proportional limit at 760° C (1400° F)* Ultimate tensile strength at 760° C (1400° F)* Stress rupture at 982° ¢ (1800° F) Reduction of
design 2 . . 2 ] . area, percent®
(see fig. 1(b) MN/m“ ksi Percent Divided by MN/m“ ksi  Percent Divided by Stress Life (nominal 100 hr)
of nominal room temperature of nominal room temperature 9 | ° o
0.2 percent  specific gravity ultimate  specific gravity MN/m° kst Hr  Percent 760 oC 982 oC
yield stress '_—2* tensile _2——_ Of (1400. F) (1800° F)
MN/m*  ksi strength MN/m*  ksi nominal Tensile  Rupture
life __J
NASA TAZ-8A DS G 896 130 93 --- ———- 1179 171 110 --- - 172 25 44,148 96 5 30 !
Max-M 200 DSb --- 869 126 --- 102 14,7 1048 152 --- 123 17.8 200 b --- 6 --
NX 188 Ds® G 876 127 71 106 15.5 931 135 79 113 16.4 138 20 60, 55 58 4 25
IN 100 DS E 841 122 - --- - 1034 150 107 ) ~—— -—-- 159 23 144,164 154 16 62
NASA WAZ-20 Ds® G 703 102 96 78 11.2 855 124 104 95 13.6 172 25 43,7 60 9 19
B 1900 + Hf® G 703 102 88 84 12.3 945 137 92 115 16.5 169 24, 66, 34 50 13 13
NASA TAZ-8A E 1034 150 --- 119 17.3 1200 174 134 138 20.1 124 18 89,79 84 2 8
X 40 E 386 56 -—- 45 6.5 593 86 123 69 10.0 76 11 183,>105 183 20 33
B 1900 E 938 136 116 114 . 16.5 1089 158 114 133 19.2 172 25 99, 95 97 8 11
IN 162 E 896 130 106 111 16.1 1124 163 112 139 20.2 165 24 115,71 93 11 10
TD Nicr & d F 290 42 105 35 5.0 324 47 107 39 5.6 76 11 0.1 0.1 6 5
» €34 %5 ®1268  ---
IN T13C° E 814 118- 109 103 14.9 1014 147 108 128 18.6 145 21 75, 54 64 12 22 !
Mar-M 509 G 296 43 80 33 4.9 621 90 105 70 10.2 103 15 151,132 141 14 22
NX 188 G 724 105 85 - ——— 903 131 101 -—- ——— 97 14 118, 141 130 4 2
NASA VI-A G 910 132 96 104 15,1 1117 162 102 127 18.5 205 29, 72,16 74 6 7
NASA WAZ-20 G 710 103 105 78 11.5 745 108 99 83 12.1 124 18 118,48 81 4 11
René 80 G 758 110 110 93 13.5 1076 156 101 131 18.1 145 21 110, 127 118 11 12
IN 738° G 793 115 100 98 14.2 1014 147 105 125 18,1 138 20 23,22 22 9 13
RBH'f --- 312 45 --- 36 5.1 504 73 - 58 8.3 103 15 —-emm-- -—- 23 44
Mar-M 302 E 696 101 180 15 11.0 807 1117 115 87 12.7 97 14 69, 95 82 3 8
U 700 cast E 745 108 -—- 94 13.7 1020 148 114 129 18.7 124 18 121,118 120 16 22
WI 52 E 579 84 168 ! 65 9.5 765 | 111 126 86 12.5 90 13 158,153 156 T 15
IN 100 E 793 115 92 102 14,8 965 | 140 90 125 18.1 172 25 94,70 82 13 16
Mar-M 200 E 855 124 102 100 14.7 1000 145 107 117 17.2 179 26 114,73 94 5 10
U 700 wrought E 758 110 92 96 13.9 086 | 143 95 125 18.1 110 16 141,133 137 30 32
M 22°¢ E 958 139 124 111 16.1 1055 153 116 122 17.7 200 29 7.5,11 9.3 8 4

aAverage of duplicate tests.
Nominal data (Specimens of heat used for thermal fatipue tests not available).
cSignificantly lower rupture strength than nominal,
dNominal data for 0. 51-millimeter- (0,02~in. -) thick sheet.
eS’upplementary test.
fDal:a for Haynes 1002 alloy which is similar to RBH (Specimens of heat used for thermal fatigue tests not available, ).
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TABLE V. - CYCLES TO CRACK INITIATION
[Ds indicates that the alloy was cast with a directionally solidified grain structure]

Alloy

Bed tempera.l:uresa

1088° and 316° C 1129° and 357° ¢
(1990° and 600° F) (2065° and 675° F)
Cycles | Specimen design { Cycles | Specimen design
(fig. 1(a)) (fig. 1(a))
NASA TAZ-8A + RT-XP coat 12 500 B
Mar-M 200 DS + NiCrAlY overlay | 4 500 C
8 500 C
NASA TAZ-8A DS + NiCrAlY 4 500 B
overlay 6 500 B
NX 188 DS + RT-1A coat 5 100 B >6100 B
5 100 B
NASA TAZ-8A DS 4 350 B 1200 B
4 350 B
6 500 B
NX 188 DS 4 350 B 5125 B
4 350 B
Mar-M 200 DS 1 250 c 1200 o]
1 750 c
4 700 A
IN 100 DS + Jocoat 2 400 A 1950 C
IN 100 DS 2 400 A 1200 C
NASA WAZ-20 DS + Jocoat 1 750 B 1350 B
1 750 B
B 1900 + Hf + Jocoat 585 B 1550 B
2 375 B
B 1900 + Jocoat 1 190 A 1050 c
>1200 C
NASA TAZ-8A 600 A 450 c
800 o]
NX 188 + RT-1A coat 300 B 200 B
800 B
X 40 600 A 150 c
B 1900 400 A
IN 162 400 A
IN 100 + Jocoat b400 A 38 c
TD NiCr 250 A 13 c
IN 713C 250 A
Mar-M 509 238 B b1s50 B
NX 188 100 B 50 B
238 B
NASA VI-A 138 B bag B
NASA WAZ-20 + Jocoat 100 B 13 B
138 B
Rene 80 100 B 50 B
IN 738 100 B 50 B
RBH 100 B 50 B
Mar-M 302 75 A
U 700 cast 6 A
WI 52 75 A
IN 100 38 A
Mar-M 200 + Jocoat 25 c 513 c
Mar-M 200 13 A
U 700 wrought 13 A
M 22 13 A

23_mimte immersion in both heating and cooling fluidized beds.

b

1, 02-millimeter (0, 040-in.) radius edge failure.
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— N O L
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Design C Design D

(a) Thermal fatigue and oxidation specimens,

Figure 1. - Geometry of test specimens. (All dimensions in cm {in.) unless indicated
otherwise. )
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{b) Uniaxial specimens,

Figure 1, - Concluded.
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(a) Specimens with grooves
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Figure 2. - Specimen holding fixture.
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Figure 3. - Thermocouple locations and typical transient temperature of specimen tested in
fluidized beds (directionally solidified NASA TAZ-8A alloy at bed temperatures of 1088°

and 316° C (1990° and 6000 F)).

(All dimensions in ¢m (in.).)
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Figure 4. - Fluidized bed test facility.
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NASA TAZ-8A DS +RT-XP coat . R
Mar-M 200 DS +NiCrAlY overlay | oL .
NASA TAZ-8A DS +NiCrAlY overlay | 3 |
NX 188 DS +RT-1A coat _ ] ] ]
NASA TAZ-8A DS T o
NX 188 DS 1 ]
Mar-M 200 DS

IN 100 DS + Jocoat
IN 100 DS , 1 ]
NASA WAZ-20 DS + Jocoat , 1
B 1900 + Hf + Jocoat e
B 1900 + Jocoat ’ 1
NASA TAZ-8A ]

| NX 188 + RT-1A coat _ N
X 40 _
B 1900

IN 162

IN 100 + Jocoat
7D NiCr

IN713C — | A
Mar-M 509 "f j
* N

———

NX 188

NASA VI-A

NASA WAZ-20 + Jocoat
Rene” 80 . R

IN 738

RBH _

Mar -M 302 L |

U 700 cast - |
Wi 52 . |

IN 100 ]
Mar-M 200 + Jocoat |

Mar-M 200 o

U 700 wrought

M22

10 100 1000 10 000 ~ 100000

Cycles to first crack

Figure 5. - Comparative ther mal fatigue resistance. (Bed temperatures, 1088° and 316° € (1990° and 600° F)
with a 3-minute immersion in each bed. )



IN 100 DS + Jocoat T
"IN 100 DS <,
NASA WAZ-20 DS +Jocoa 7
B 1900 + Hf +Jocoat
NASA TAZ- 8A T

NX 188 “'\‘\ @ S—

NASA VI -A T ]
| Bed temperatures, °C (°F)
1088 and 316 (1990 and 600)
= = 1130 and 357 (2065 and 675)
S R MO |
Mar- M 200 +Jocoat |
| _
10 100 1000 10 000

Cycles to first crack

Figure 6. - Comparison of thermal fatigue resistance for alloys tested at both bed temperature
conditions and alternately heated for 3 minutes and cooled for 3 minutes.
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Description:
Cycles to first crack:

Cycles to photograph:

DS + RT-XP coat DS + NiCrAlY overlay DS uncoated uncoated
12 500 6500 4350 800
14 000 7000 6250 1200

(a) NASA TAZ-8A alloy.

Figure 7. - Thermal fatigue spacimens after testing at bed temperatures of 1088°and 316° C (1990° and 600° F).



Description:
Cycles to first crack:

Cycles to photograph:

Lg

DS + RT-1A coat
5100

6250

DS uncoated + RT-1A coat
4350 800
6250 1200

(b) NX 188 alloy.
Figure 7. - Continued.

Uncoated

100
500
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Description:
Cycles to first crack:

Cycles to photograph:

v

DS+ NiCrAlY overlay
8 500

10 000

DS uncoated +Jocoat
1750 25
4000 470

(c) Mar-M 200 alloy.

Figure 7. - Continued.

Uncoated

13

700
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Description
Cycles to first crack:

Cycles to photograph:

DS + Jocoat

2400
5000

DS uncoated + Jocoat
2400 400
5000 2000

(dy IN 100 altoy.

Figure 7. - Continued.

: 25 mm |

Uncoated

38
700
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Description:

Cycles to first crack:

Cycles to photograph:

DS+ Jocoat + Jocoat Hf modified + Jocoat
1750 138 585
5500 700 1200

(e) NASA WAZ-20 alloy.

Figure 7. - Continued.

+ Jocoat

1190

4400
(f) B 1900 alloy.

]

ot st ekt

. Tmm

Uncoated
400
2000
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Description:
Cycles to first crack:

Cycles to photograph:

RBH Mar-M 302 Wi 52
100 75 75
500 : 700 700

(g) Other alloys.

Figure 7. - Continued.

25 mm l

M 22

13
700
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Description:
Cycles to first crack:

Cycles to photograph:

IN713C
250
700

Mar-M 509

238
700

. ,L.M«M,M.@

NASA VI-A
138

700

(g) Continued, Other alloys,

Figure 7. - Continued.

Rene 80
100

500
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Description:
Cycles to first crack:

Cycles to photograph:

U 700 cast
75

700

U 700 wrought X 40 IN 162
13 600 400
700 2000 3100

(g) Concluded, Other alloys.
Figure 7. - Concluded.

25 mm

TD NiCr
250

700
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\ 25 mm )
Description: Uncoated Uncoated
Cycles to first crack: 1200 1200
Cycles to photograph: 0 2200 0 2400 2900
{a) NASA TAZ-8A DS alloy. {b) IN 100 DS alloy.

Figure 8. - Directionally solidified thermal fatigue specimens before and after testing at bed temperatures of 1130° and 357° C (2065° and 675° F).
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Description;
Cycles to first crack:
Cycles to photograph:

Uncoated + RT-1A coat
5125 > 6100
0 2000 6500 0
(c) NX 188 DS alloy.

Figure 8. - Continued.

1600

6100
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Description: + Jocoat Uncoated
Cycles to first crack; 1350 1200
Cycles to photograph: 0 1600 6100 0 2400

(d) NASA WAZ-20 DS alloy. (e) Mar-M 200 DS alloy.

Figure 8. - Concluded.




(a) Unetched.

N 2
oot wwé. ,

(b) Etched.

Figure 9. - Photomicrographs of crack in directionally
solidified NASA WAZ-20 + Jocoat after 5500 fluidized
bed cycles at bed temperatures of 1130° and 357° C
(2065° and 675° F) (ref. 9); X35,

37
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Weight change, percent

1— | —
1
0 - o ale -
-1 I |
) - — No cracks
observed
_3_ —
-4— ® RT-XP coat —
= | NiCrAlY overlay
3 -5— o Uncoated —
g | Average crack
] | initiation —
2
g - -
E L
2 A
_9_ —
_10— L —
-11— I
_12._ —
_13—— —
10| I N (N AN NN S N I Y I D Y I
0 4000 8000 12 000 16000 O 4000 8000 12 000 16 000
Cycles
(a) Random polycrystalline. (b) Directionally solidified polycrystalline.
Figure 10. - Weight change for NASA TAZ-8A. Immersion time in each bed was 3 minutes with
bed temperatures at 1088° and 316° C (1990° and 600° F).
I— ,~ No crack
./ observed
0 - e e -
——a
a r“—\‘__\_‘__\*
-2
-3
-4
/
-5 2,
-6
7= ® NASATAZ-8A DS +RT-XP coat
m NASATAZ-8A DS +NiCrAlY overlay
-g— O NASA TAZ-8A DS uncoated
4 Mar-M 200 DS + NiCrAlY overlay
99— 4 Mar-M 200 DS uncoated
10 E Average crack initiation A
S0 I I I I O T A O T Y N O e .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500 10 000

Cycles

Figure 11. - Weight change for directionally solidified NASA TAZ-8A and Mar-M 200 alloys. Immersion time in
each bed was 3 minutes with bed temperatures at 10882 and 316° C (1990° and 600° F).

NASA-Langley, 1975 E-83056
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of information concerning its activities and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and
technical information considered important,
complete, and a lasting contribution to existing
knowledge.

TECHNICAL NOTES: Information less broad
in scope but nevertheless of importance as a

contribution to existing knowledge.

TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons. Also includes conference
proceedings with either limited or unlimited
distribution.

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English.

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include final reports of major
projects, monographs, data compilations,
handbooks, sourcebooks, and special
bibliographies.

TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and
Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION OFFICE

NATIONAII. AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



